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(54) Optical receiver and demultiplexer for free-space wavelength dlviston multiplexing 
communications system 



(57) A free-space wavelength division multiplexing 
system (10) is provided having a demultiplexer and 
receiver (68) arrangement. The demultiplexer and 
receiver arrangement may be based on a rotatable 
interference filter (46a). A desired wavelength can be 
selected by adjusting the angle of the interference filter 
(46a) with respect to the incoming light beam. Alterna- 



tively, the demultiplexer and receiver arrangement may 
be based on a diffraction grating. Multiple wavelengths 
of light are diffracted at different angles, which spatially 
separates each wavelength in the system. A corre- 
sponding multiple-element linear photodetector array is 
used to receive the spatially separated optical signals. 
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Description , 

Held of the Invention ' . 

This invention relates to optical communications, 
and more particularly, to demultiplexers and receivers 
for use in free-space wavelength division multiplexing 
optical telecommunications systems. 

Background nf the Invention 

Ree-space optical communications systen^ are 
systems in which beams of modulated light are trans- 
mitted from transmitters to receivers through free space 
(air). Such systems can be used to provide telecommu- 
nications services in areas in which it is difficult or 
expensive to provide hard-wired network connections 
using twisted pair wiring, coaxial cable, or optical fiber. 
It may be desired to use wavelength division multiplex- 
ing in a free-space optical communications system to 
increase the information canrying capacity of the sys- 
tem. By using multiple wavelengths of light in such sys- 
tems, wavelength division multiplexing allows multiple 
channels of information to be carried between transmit- 
ters and receivers. At the receivers, the multiple chan- 
nels are demultiplexed by wavelength filtering. 

In wavelength division multiplexing systems in 
which optical signals are transmitted between network 
nodes solely on single mode optical fiber, a single mode 
fiber-fcased demultiplexer may be used to perform 
wavelength filtering. However, fiber-based demultiplex- 
ers can be difficult to use. For example, it is extremely 
difficult to couple free space transmissions into single 
modefiber-based demultiplexers- 

It is therefore an object of the present invention to 
provide innproved demultiplexers and receivers for use 
in free-space wavelength division multiplexing optical 
communications systems. 

Summarv of the Invention 

This and other objects of the invention are accom- 
plished in accordance with the principles of the present 
invention by providing a free-space wavelength division 
multiplexing system haying a demultiplexer and receiver 
arrangement. Various wavelengths of light are multi- 
plexed at a source node and transmitted to a user 
premises node through free space. Telephone service, 
video service, and integrated services digital network 
(ISDN) service are examples of the types of service that 
may be provided with the system. If desired, each type 
of service may be provided on a separate wavelength 
channel. 

The demultiplexer and receiver an-angement sepa- 
rates the multiplexed waveiengtiis so that the user can 
receive data for one or more of the desired services. 
The demultiplexer and receiver anrangement may be 
based on a rotatable interference filter. A desired wave- 



length can be selected by adjusting tiie-arigle of the 
' interference filter with respect to tiie incoming multi- - 
plexed light beam. Alternatively, the demultiplexer and 
receiver arrangement may be based on a diffraction 

5 grating. Multiple wavelengths of light are diffracts at 
different angles by the diffraction grating. Each such 
spatially separated beam of light may be directed onto a 
corresponding detector element in a multiple-element 
linear photodetector array. The data on each channel is 

w therefore available by electrically accessing the appro- 
priate detector element. 

Further features of the invention, its nature and var- 
ious ad\«ntages will be more apparent from the accom- 
panying drawings sind the following detailed description 

15 of the preferred embodiments. 

Brief Description of the Drawinos 

FIG. 1 is a schematic diagram of a system in 
20 accondance with the present invention. 

FIGS. 2a and 2b are views of a tunable interference 
filter demultiplexer and receiver arrangement in accord- 
ance with the present invention. 

FIG. 3 is a perspective view of an illustrative mount- 
25 ing apparatus for the tunable interference filter demulti- 
plexer of FIGS. 2a and 2b. 

FIG. 4 is a partially schematic diagram of a diffrac- 
tion grating demultiplexer in accordance witii the 
present invention. 

30 * ' 

Detailed Description of the Preferred Embodiments 

A portion of an illustrative free-space wavelengtii 
division multiplexing communications system 10 is 

35 shown in FIG. 1 . In general, free-space communications 
systenhs have multiple nodes for transmitting and 
receiving data. In the portion of the illustrative system 
10 shown in FIG. 1 . data is transmitted between source 
node 62 and user premises node 60, but it will be appre- 

40 dated tiiat similar transmissions also occur between 
other system nodes (not shown). 

Data for various services, such as plain old tele- 
phone service (POTS), video service, integrated digital 
services network (ISDN) service, satellite-originated tel- 

45 evision service, etc., is provided at data inputs 12 of 
light sources 1 4. The information provided to data 
inputs 12 may be provided from a free-space receiver 
(not shown) connected to source 62 or from a connec- 
tion to the existing (non-free-space) telecommunica- 

50 tions network infrastructure (not shown). 

Light sources 1 4 may be any suitable narrow-band- 
width source of light for free-space optical wavelength ' 
division multiplexing. For exanrple. light sources 14 may 
be distributed feedback (DFB) lasers operating in the 

55 I 550nm wavelength range. Operating in the 1550nm 
wavelength region is desirable, because water absorp- 
tion in air is relatively low in this region. Distributed feed- 
back lasers are desirable because tiiey are readily 
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available and,hay€. narrow line widths (on the^orderof 
an angstrom). There may be 16-32 light sources .?4.:. 
each of which has an operating wavelength separated , . 
by 2nm fronri its adjacent channel (i.e., Xi=1530nnfT, 
X2=1532nm. etc.). . j, .; ,5. ; 

The modulated optical outputs of light sources 1,4 r-?; ; 
are multiplexed together for freie-space transmission to^-.-.. , 
premises 60, where the signals for the different chan-r , 
nels are demultiplexed. It is not necessary that a single , 
service (i.e.. POTS, video, ISDN, etc.) be. associated 10 . 
with each light source 1 4. but such an arrangement may 
be advantageous for certain system architectures. , 

One suitable multiplexer arrangement involves cou- . 
pling the outputs of light sources 1 4 to multipiexer 1 6 by 
optical fibers 18. The wavelength multiplexed, outt3ut of js 
multiplexer 16 may then be provided on fiber 20. A wide- 
band optical amplifier 22. such as an Er^*-doped ftoer 
amplifier, may be provided to boost the optical signal 
power of the signals on fiber 20. (A similar amplifier may 
also be used in the receiver end of system . 10,. if 20 
desired.) The amplified output of optical .arnplifier 22 
may be provided on fiber 24. If fiber 24 is a single mode 
fiber, the light beam exiting optical fiber 24 will diverge 
with a standard 15* angle of divergence urrtil collimated 
by lens 26. Collimated light beam 28 passes, frirough 25 
beam splitter 28 and is coupled into telescope 3*0, which . 
further cpnditions the transmitted beam. Upon. exiting 
telescope 30, beam 34 passes through free space (air) 
36, which is preferably in the range of about ten to a 
thousand meters in length. At the entrance to telescope 30 
38. beam 40 typically has a diameter of several inches. 
Telescope 38 collimates beam 40 and reduces its size 
so that beam 42 has a diameter of approximately ha(f an 
inch as it leaves telescope 38. 

Beam splitter 44 directs multiplexed beam 42a into 35 
demultiplexer 46. Various demultiplexer an^angements 
may be used in system 1 0. The illustrative demultiplexer 
46 shown in FIG. 1 has rotatable interference.fiiter 46a 
and. lens 46b . (which may be one or more physical 
lenses). A single wavelength may be extracted from the .40 
multiple wavelengths of light in beam 42a by interfer- 
ence filter 46a. This single wavelength, which contains 
data for a single channel selected from among the mul-, 
tiple channels of data multiplexed onto fiber 20, is 
focused onto photodetector 50 by lens 48. Signals from . 43 
photodetector 50 are processed by control circuitry 52, ^ 
which may provide video signals to television 54, tele- 
phone signals to telephone 56. and, ISDN sigrials to 
computer 58. 

Television 54, telephone 56, and computer 58, are .so 
located in premises 60, which is typically a user's home 
or office. Signals from prernises 60 may often need to , 
be transmitted back to source node 62. For example, . 
two-v\ray telephone conversations using telephone 56 
require that voice data be transmitted from premises 60 ss 
to source 62. Similarly, computer 58 supports two-way 
traffic and services such as pay-per-view ordering may 
require signals from television 54 to be transmitted to 



source 60. Signals to be transmitted from customer 
equipment such as television 54. telephone 56. and 
computer 58, are provided to transmitter 64 by control 
circuitry 52. 

OMtput beam 66 from optical trarismitter 64, which 
may contain either a Single wavelength or multiple 
wavelengths, of light., hnay be transmitted to source node 
60 (as illustrated in' FIG. 1) or may. be transmitted to 
another appropriate network node in free-space optical 
communications system 10. Output beam 66 is trans- 
mitted through beam splitter 44. telescope 38, and free 
space 36.. At source 60, this optical signal is received by 
telescope 32 and deflected toward receiver 68 by beam 
splitter 30. If the optical signal received, at receiver 68 
contains multiple wavelengths of light, receiver 68 may 
be provided with optical wavelength demultiplexing 
capabilities. Receiver 68 converts, optical signals into 
electrical signals that may be provided to an appropriate 
portion of system 10 or the existing network infrastruc- 
ture via output 70. 

A demultiplexer and receiver arrangement 72 
based on a tunable interference filter is shown in FIGS. 
2a and 2b. Light beam 74 contains multiple wavelengths 
of light (illustrated as . X2, and A3 in FIG. 2), each cor- 
responding to a separate channel. Interfererice filter 76 
is rotated about axis 78 (which isj)erpendicular to the 
page) to select a desired wavelength; Interference filter 
76 is preferably a multiple dielectric stack filter such as 
those available from JDS-Fitei Inc. or Gould Optics. 
When interference filter is positioned at the angle shown 
in FIG. 2a, the single wavelength X3 is transmitted. 
Beam 80a (vyhich contains only light at wavelength A3 in 
the arrangement of FIG. 2a) is focused onto photode- 
tector 82 by lens 84. When interference filter is posi- 
tioned at the angle shown in FIG. 2b, the single 
wavelength X2 is transnnitted. Beam 80b (which contains 
only light at wavelength X2 in the an-arigement of FIG. 
2b) is focused onto photodetector 82 by lens 84. 

Interference filter 76 of FIG. 2 may be positioned 
using the illustrative positioning apparatus 86 shown in 
FIG. 3. Apparatus 86 has yoke 88 in which interference 
filter 90 is mounted. Motor 92 (e.g., a stepper motor) 
controls the rotational position of interference filter 90 in 
response to control commands received via input 94 
from control circuitry such as control circuitry 52 of FIG. 

If desired, apparatus 86 may dither the rotational 
position of interference filter 90 while monitoring the 
transmitted optical signal strength to ensure that the 
transmitted signal is ma^dmized and to ensure that the 
system remains locked on the desired wavelength when 
a particular channel has been selected. 

In addition, information (such as a channel number) 
may be encoded into each channel that uniquely identi- 
fies that channel. Ffor example, if a digital modulation 
scheme is used, a channel number (e.g.. No. 1-32) may 
be inserted into transmitted data for a channel once 
every 256 bits. If an analog modulation scheme is used. 
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an analog identifier may be inserted into the transmitted 
data for a ciiannel. 

Another demultiplexer and receiver arrangement in 
accordance with the present invention is shown in FIG. 
4. In illustrative demultiplexer and receiver arrangement 
96, beam 98 contains wavelengths Xi, X2, and X^, 
each of which corresponds to a separate data channel. 
If desired, beam 98 may be focused by lens 100 or oth- 
enwise conditioned by appropriate optics. Diffraction 
grating 102 divides conditioned beam 98' into beams 
98a, 98b, 98c, and 98d. each of which contains. a single 
wavelength of light Diffraction grating 102 may be any 
suitable diffraction grating capable ot spatially separat- 
ing the different wavelength channels, such as gratings 
available from Richardson Grating Laboratory/Spec- 
tronic Instruments Inc. of Ftochester, New York. Grating 
1 02 may be transmissive (as shown in FIG. 4) or may be 
reflective. 

Rotational positioner 110, which receives control 
signals via input 112 from control circuitry such as con- 
trol circuitry 52 of FIG: 1, controls the rotational orienta- 
tion of diffraction grating 1 02 about longitudinal axis 1 08 
to ensure that beams 98a. 98b, 98c, and 98d are 
aligned with respective detector elements 104a, 104b, 
104c. and 104d of multiple-element detector 106. The 
rotational position of diffraction grating 102 can be 
adjusted during an initial alignment step or while optical 
signals are being received by detector 106 to ensure 
proper alignment between diffraction grating 102 and 
detector 106. Aligning diffraction grating 102 and detec- 
tor 1 06 during signal detection ensures that alignment is 
maintained between beams 98a, 98b, 98c, and 98d and 
detector elements 104a.~104b, 104c, and 104d, which 
ensures that the signals for each channel are properly 
received. 

Beam 98a contains light of wavelength k^, beam 
98b contains light of wavelength X2, beam 98c contains 
light of wavelength X3, and beam 98d contains light of 
wavelength X4. It will be understood that the light source 
14 (FIG. 1) for each channel has a finite non-zero line 
width about its nominal wavelength and that the demul- 
tiplexing operations of the present invention transmit 
light in a non-zero t^andwidth about certain center wave- 
lengths. Nevertheless, to make the description of the 
present invention easier to follow, each light source is 
referred to as producing light at a single wavelength. 
Similarly, the demultiplexer arrangements are refen-ed 
to as transmitting single wavelengths of light for each 
channel. 

Detector 106 is preferably sensitive in the wave- 
length region centered around 1550nm (e.g.. approxi- 
mately 1530-1 560nm), so that the wavelengths of light 
transmitted by sources 14 (FIG. 1) can be detected. 
Detector 106 may be a device similar to the InGaAs lin- 
ear photodiode an-ays available from Epitaxx Optoelec- 
tronic Devices of Trenton. New Jersey or the 
InGaAs/lnP linear photodiode arrays available from 
EidgenGssische Technische Hochschule of Zurich, 



Switzerland. > v^*" *t: 

Each detector element 104a, 104b, 104c. and 104d 
receives data for a different channel. If desired, control 
circuitry such as control circuitry 52 of FIG. 1 can be 

5 used to extract a single desired channel from among the 
multiple channels received by detector 106. Alterna- 
tively, data for multiple channels can be processed 
simultaneously. For example, a user may subscribe to 
bdth telephone service (provided using X^) and video 

10 service (provided using X2). Telephone data can be 
received with detector element 104a while video data is 
simultaneously received with detector element 104b. 

The foregoing is merely illustrative of the principles 
of this invention and various modifications can be made 

15 by those skilled in the art without departing from the 
scope and spirit of the invention. 
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A free-space wavelength division multiplexing sys- 
tem having a plurality of channels, each channel 
t}eing associated with a light source of a different 
optical wavelength, the system having a first node 
at which the light sources of different optical wave- 
lengths are multiplexed together into a multiplexed 
optical signal and a second node at which a user 
has electrical system components, the system 
comprising: 

free-space transmitter optics at the first node 
for launching the multiplexed optical signas into 
free space as a multiplexed optical beam; 
free-space receiver optics at the second node 
for receiving the multiplexed optical beam from 
free-space; 

a rotatable optical interference filter that 
receives the multiplexed optical beam from the 
free-space receiver optics and transmits a 
demultiplexed optical beam that corresponds to 
a single selected one of the channels and that 
has a single selected wavelength; 
a positioner for controlling the angular position 
of the interference filter with respect to the mul- 
tiplexed optical beam to determine which chan- 
nel is transmitted; and 

a photodetector for receiving the demultiplexed 
optical beam and providing corresponding out- 
put signals for the selected channel. 

The system defined in daim 1 forther comprising 
control circuitry that receives the output signals for 
the selected channel from the photodetector and 
provides data for an associated service to at least 
one of the electrical system components. 

The system defined in claim 1 further comprising a 
transmitter at the second node for transmitting sig- 
nals from at least one of the electrical system com- 
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ponents to the first node through free space^i^i w;:v,\;'v 

4. The system defined in daim 1 further comprising.a.,^^: 
lens for focusing the demultiplexed beam pnto the v 
photodetector ' fi^i^s 

5. The system defined in claim 1 wherein the interfer- . 
ence filter comprises a multiple dielectric stack: - 

6. The system defined in claim. 1. wherein .the light io 
sources are distributed feedback lasers.- - 

7. A free-space wavelength division multiplexing sys- 
tem having a plurality of channels, eadi channel 
being associated with a light source of : a different is 
optical wavelength, the system having a first node, 

at which the light sources of different optical wave- 
lengths are multiplexed together into a multiplexed 
optical signal and a second node at which a user 
has electrical system components, the system 20 
comprising: - . 

free-space transmitter, optics at the first node 
for launching the multiplexed optical signal into 
free space as a multipl exed optical beam ; 25 
free-space receiver optics at the second node 
for receiving the multiplexed optical.bearn from 
free-space; 

a diffraction grating that receives the multi- 
plexed optical beam from. /the free-space 30 
receiver optics and provides a plurality of spa- 
tially separated demultiplexed optical beams 
each of which is associated with one of the 
channels and which has a single . wavelength; 
and 35 
a linear detector array having a plurality of 
detector elements each of which receives a 
' conresponding one of the spatially, separated 
demultiplexed optical beams and which pro- 
vides corresponding output signals for the 40 
associated channel. 

8. The system defined in claim 7 further comprising 
control circuitry that receives the output signals for 
each channel from the linear detector array and 45 

\ provides data for associated services to the electri- 
. cal system components of the user. 

9. The system defined in claim 7 further comprising a 
transmitter at the second node for transmitting sig- - so 
nals from at least one. of the electrical system com- 
ponents to the first node-through free space. 

10. The system defined in claim 7 further comprising a 
lens for focusing the multiplexed beam onto the dif- ss 
fraction grating. 

11. The system defined in claim 7 wherein the light 



^sources i^re distributed feedback laser cfiodes. 

12. TTjje isystem defined in claim 7 further comprising a 
rotatior;iai,posttioner for adjusting the rotatiorial.ori- 
entatipn of the, diffraction grating about a longitudi- 
nal pptical axis of the multiplexed. 

13. A frpe-space wavelength division multiplexing sys- 
tem having a plurality of channels, each channel 
being associated .with a light source of a different 
op^cal wavelength, the system having a first node 
at which the light sources of different optical wave- 
lengths are multiplexed together into a multiplexed 
optical signal, a second node at which a user has 
electrical system components, and free-space 
transmitter optics at the first node for launching the 
multiplexed optical signal into free space as a multi- 
plexed optical beam, the system comprising: 

free-space receiver optics at the second node 
for receiving the multiplexed optical beam from 
free-space; 

a rotatable optical interference filter that 
receives the multiplexed optical beam from the 
free-space receiver optics and transmits a 
demultiplexed optical beam that corresponds to 
a single selected one of the channels and that 
has a single selected wavelength; 
a positioner for controlling the angular position 
of the interference filter with respect to the mul- 
tiplexed optical beam to determine which chan- 
nel is transmitted; and 

a photodetector for receiving the demultiplexed 
optical beam and providing corresponding out- 
put signals for the selected channel. 
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